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EXECUTIVE SUMMARY

Previous driving simulator and closed-course studies have failed to confirm what
epidemiologists' data suggest, i.e., that alcohol and A’-tetrahydrocannabinol (THC) interact
synergistically to produce greater impairment than the sum of the changes that each drug
produces separately. Yet with the methodological shortcomings of particular studies and the
general lack of test realism afflicting all, it can not be said that their failure to measure a
synergistic effect is particularly convincing.

The study described in this report represents another attempt to empirically determine the
separate and combined effects of THC and alcohol on driving. It differs from its
predecessors by employing standardized tests for objectively measuring the drugs' effects on
driving performance in the natural environment; i.e., on real roads in normal traffic.

Eighteen volunteer subjects, comprised of men and women in equal proportions, participated
in the present study. The subjects were all university students between 20 and 28 years of
age who smoked marijuana and drank alcohol at least once. per month. All admitted having
previously driven under the influence of each drug separately but only three, of both
together. They were treated with drugs and placebo according to a balanced, 6-way,
observer- and subject-blind, cross-over design. On separate evenings they were given
weight-calibrated doses of THC and alcohol, or placebos for one or both substances as
follows: alcohol placebo + THC placebo; alcohol placebo + THC 100 pg/kg; alcohol
placebo + THC 200 pg/kg; alcohol + THC placebo; alcohol + THC 100 pg/kg; and, alcohol
+ THC 200 pg/kg. The initial alcohol dose was sufficient for achieving a peak blood alcohol
concentration (BAC) of about 0.07 g/dl. Booster doses were later given to sustain BAC
around 0.04 g/dl during testing. THC was administered by smoking marijuana cigarettes (2.2
and 3.95% THC from the US National Institute on Drug Abuse, NIDA) which had been
weight-calibrated by cutting. Initial drinking preceded smoking by 60 min.

Driving tests began 30 min. after smoking at 21:00 hr. Subjects undertook them in pairs on
the same evening. One started with the Car Following Test and the other 4 min. later with
the Road Tracking Test. After driving on the highway for approximately 25 min., the first
subject drove off and awaited the second. When he/she arrived, the pair exchanged roles,
returned to the highway, and drove in the reverse direction until returning to the origin. The
same procedure was repeated twice so that each subject completed two repetitions of each
test. Testing concluded at approximately 23:15 hr.

Subjects were accompanied by licensed driving instructors having access to redundant
vehicle controls. In the Road Tracking Test, the subject attempted to maintain a constant
speed of 100 km/h (62 mph) and a steady lateral position between the delineated boundaries
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of the right (slower) traffic lane. Standard deviation of lateral position (SDLP) was the
primary outcome variable. SDLP is a measure of road tracking error, in practical terms, a
composite index of allowed weaving, swerving and overcorrecting. Failures to restrict the
vehicle's lateral motion within lane boundaries were recorded together as the percentage of
time out of lane (TOL). The Car Following Test involved the use of two vehicles. The
preceding vehicle was under an investigator's control, and the following vehicle, the
subject's. The test began with the two vehicles traveling in tandem at speeds of 100 km/h
(62 mph). Subjects attempted to drive 50 m (164 ft) behind the preceding vehicle and to
maintain that headway as it executed a series of alternating acceleration and deceleration
maneuvers lasting 33 sec apiece. The investigator driving the preceding vehicle initiated each
maneuver by activating a microprocessor-driven cruise-control. The vehicle's speed then
rose or fell in a constant manner until arriving at a point 15 km/h (9.3 mph) higher or lower
than where it began. The investigator drove at the newly established speed for 0.5-5.0 min.
before initiating the next maneuver. About eight maneuvers in each direction were
accomplished over both repetitions of the test. Headway was continuously recorded as were
the subject's discrete reaction times (RTs) at the beginning of maneuvers. Average RT and
the standard deviation of headway (Hsp) for acceleration and deceleration maneuvers,
separately, were the major dependent variables. Subjects rated their degrees of intoxication
before and after the entire series of tests. They also rated the quality of their driving
performance at the end of each test repetition. The instructors likewise rated the subject’s
driving quality at the same times and in the same manner.

In statistical terms, both THC doses alone, and alcohol alone, significantly impaired the
subjects' Road Tracking and Car Following performances. In practical terms, the magnitude
of the mean effects were minor after alcohol and THC 100 pg/kg and moderate after THC
200 pg/kg. Both THC doses in combination with alcohol severely impaired the subjects
performance in both tests. The mean changes in SDLP from the placebo level after
combinations involving THC 100 and 200 pg/kg were evaluated relative to a previously
established alcohol calibration curve (Louwerens et al, 1987). The former combination
produced a rise in mean SDLP the equivalent of that associated with BAC=0.09 g/dl, and
the latter, the equivalent of BAC=0.14 g/dl. Mean TOL rose exponentially with SDLP.
Beginning at the placebo level of 0.2%, mean TOL increased with the severity of drug
effects until reaching 1.1% after the combination of alcohol and THC 200 pg/kg. Mean RT
and Hsp during deceleration maneuvers varied across treatment conditions in the same
manner. Beginning at the placebo level of 4.65 sec, mean RT lengthened to 6.33 sec (+36%)
under the combined influence of alcohol and THC 200 pg/kg. The change in mean Hsp was
from 5.69 to 7.78 m (+37%). The subjects' and instructors' rating of driving quality clearly
reflected the adverse objective effects of alcohol and THC alone and in combination. In
addition, the instructors spontaneously recorded several cases, usually in combined drug
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conditions, wherein a subject's aberrant behavior would have been dangerous were he/she to
operate the same way under natural driving conditions.

We concluded that marijuana smoking that delivers the relatively low-moderate THC doses
of 100 and 200 pg/kg impairs Road Tracking and Car Following performance. THC effects
are dose-related and persist unabated or even increase during 2' hr after dosing. The
magnitudes of impairment observed after these doses of THC alone were not especially large
in historical comparison to those of other drugs and alcohol present in BACs above
0.08 g/dl. However, they do imply a loss of driving ability that could be serious in
exceptional traffic situations. The combination of THC with alcohol sufficient for attaining a
BAC of about 0.04 g/dl has very severe effects on driving performance. Subjects showing
those effects drove in a manner one would expect for drivers operating with BACs above
the per se definition of intoxication in some states, i.e., 0.08 g/dl. No unequivocal evidence
emerged from this study to indicate that the drug interaction is synergistic in the classic
pharmacological sense. However, the exponential rise of TOL from conditions where THC
and alcohol were given separately to those where they acted in combination suggests that
the interaction can increase the risk of certain types of crashes in the same manner. That
being the case, the practical consequences of driving after the combined use of THC and
alcohol would be the same whether their pharmacological interaction is synergistic or merely
additive.
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1. INTRODUCTION

There is no doubt that A°-tetrahydrocannabinol (THC) impairs its users' cognitive and
psychomotor abilities to an extent largely determined by the inhaled or ingested dose. It is
also certain that the dose preferred by cannabis smokers (around 300 pg/kg) is sufficient for
impairing performance in potentially dangerous tasks such as driving (Robbe & O’Hanlon,
1993). It is less certain that those doses cause the degrees of impairment that seriously
compromise driving ability, and if they do, whether many THC users choose to drive in that
condition. Both the severity of the users' impairment and their prevalence among the driving
population could be determined from an epidemiological survey measuring the relative
frequencies among drivers who do and do not become involved in crashes. These data
would permit calculation of the THC users' risk of crashing relative to that of drug-free
drivers. Relative risk (RR) is in fact the only commonly accepted index of any drug's hazard
potential for individual drivers, and in direct proportion to its usage prevalence, for the
driving population as a whole. Yet more than 20 years of epidemiological research on THC
has failed to establish the RR of drivers operating under its influence. Other results to
emerge from numerous studies over this period are little more than suggestive. The
epidemiologists' common failure is understandable. It is commonly thought that the
prevalence of THC use in the normal population can only be determined from the drug's
detection in blood samples provided by drivers at roadside checkpoints. With no means to
compel or convince normal motorists to provide control data, epidemiologists have had to
confine their attention to drivers from whom blood samples can be obtained after their
admittance to hospitals as the result of injuries sustained in crashes. Thus, epidemiologists
have only been able to measure the prevalence of THC use among injured drivers. Some
epidemiologists have found a relatively high prevalence of THC in a limited geographical
area, and others, significantly more THC users among drivers deemed responsible for
crashes than apparently innocent victims. However, these results are equivocal. A high
prevalence among injured drivers in one particular area might simply reflect a high usage
prevalence among the local population. Methods for assigning responsibility have differed
widely and those relying solely on police judgments may reflect their biases; e.g., suspected
drug users may more often be judged responsible than is actually the case. Moreover,
epidemiologists have always had to contend with a serious confounding factor; i.e., the
simultaneous presence of alcohol in the majority of drivers who test positive for THC.

Surveys conducted in widely separated localities have generally revealed the presence of
THC in between 4 and 12% of drivers who sustained injury or death in crashes (Cimbura e?
al, 1980, 1982; Terhune, 1982; Chesher & Starmer, 1983; Donelson ef al, 1985; Garriott ef
al, 1986; Daldrup et al, 1987, McClean et al, 1987). Occasionally, higher values have been
reported for groups of, predominately, young males operating in one or another large
American city (Williams et al, 1985; Soderstrom ef al, 1988; Budd et al, 1989). Although
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the prevalence of THC users in the general driving population was assumed to be lower in
almost every case, these data can not be accepted as evidence showing that THC was
responsible for the crashes. The reason is that alcohol, usually in concentrations associated
with a high crash risk, was also found in at least 50%, and sometimes as many as 90%, of
the same drivers. The latest and largest of the postmortem surveys (Terhune et al, 1992)
came closest to discriminating among the separate and combined effects of THC and alcohol
on crash risk. It involved a sample of 1,882 fatally-injured drivers from seven widely
separated American States during 1990-91. Drug-free drivers comprised 42.1% of the
sample, and those showing the presence of alcohol, 51.5%. THC was found in only 4.3%
and among them, three-quarters tested positive for alcohol as well. The investigators
undertook two different analyses for inferring causal relationships between these drugs and
crashes. First, they compared responsibility rates of subgroups using each drug separately
and in combination with that for the drug-free group. Responsibility in this case was
assigned by trained encoders using a standardized procedure for evaluating police reports.
Drug-free drivers were held responsible for 67.7% of their crashes. The responsibility rates
for drivers showing only the presence of alcohol depended upon their BACs. For those with
BACs below 0.10 g/dl it was 75.8%, and for those at or above that level, 93.9%. Drivers
showing only the presence of THC were 57.9% responsible; i.e., less often than drug-free
drivers, albeit not significantly. However, the group showing the combined presence of THC
and alcohol in any concentration at all, were held responsible for 94.6% of their crashes.
This rate differed significantly from the drug-free drivers' though not from the group's with
the highest BACs. The second analysis was for calculating the relative crash risk (RR) of
each subgroup whose number was sufficient for providing a reliable estimate. “Non-
responsible” drivers in the sample were defined as the control group, following the
assumption that they were representative of the general driving population with respect to
drug and alcohol prevalence. The investigators were aware that their definition of the
control group is unconventional and urged caution in interpreting the results. But as they
said, those results were certainly “suggestive.” Relative to drug-free drivers whose RR was
defined as 1.0, those showing BAC<0.10 g/dl operated with a RR=1.2. Drivers operating
with BAC20.10 g/dl did so with RR=6.5. Strikingly, drivers operating with THC and any
BAC had a RR=11.9. Unfortunately, only 19 fatally injured drivers were found with only
THC in their blood, too few for estimating the RR.

Terhune et al's results suggest a particularly dangerous synergistic (i.e., multiplicative)
interaction between THC and alcohol but they carefully avoided drawing that conclusion.
Their data were insufficient for confirming the impressions that drivers using only THC were
less likely than drug-free drivers to be responsible for fatal crashes; and, that those showing
the presence of both THC and alcohol were more likely to be responsible than others using
alcohol alone. The data were also insufficient for determining whether the combined drug
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users' risk of fatal crash involvement increased more rapidly as a function of BAC than for
the drivers using alcohol alone. Besides, their risk estimates are questionable since there is
reason to doubt that “non-responsible” fatally injured drivers are representative of the
driving population in general: some of them may have been responsible in the sense of failing
to avoid the situations where the crashes occur. All doubts would have been avoided if the
control group was comprised of drivers who were not involved in crashes. But this
postmortem survey, like all before it, lacked the essential controls. Not surprisingly, the
investigators concluded that it would be pointless to undertake even larger postmortem
surveys in an effort to define THC's role in crash causality. Instead they recommended crash
surveys involving the more numerous injured but surviving drivers whose accounts of
antecedent events would better enable the assignment of responsibility; and, experimental
studies designed specifically to show THC and alcohol effects, alone and in combination.

Numerous experimental studies have already been undertaken for that purpose (reviews:
Chesher 1995; Robbe, 1994). Most are of limited relevance in the present context since the
laboratory psychomotor tests they employed were short and relatively simple, bearing almost
no resemblance to actual driving. It is only worth mentioning that no study measuring the
separate and combined effects of up to three doses of both alcohol and THC has ever shown
that the drugs' effects are more than additive. That is, their combined effects were essentially
no greater than the sum of changes that each drug produced separately. Chesher noted,
however, that the drugs' impairing effects in some laboratory tasks have differed
qualitatively. Thus, the combination might simultaneously degrade different mental functions
that independently affect performance in complex real-life tasks. That being the case, one
might expect the simuitaneous effects of THC and alcohol to seriously degrade complex
performance, even if those effects are not synergistic in the classic pharmacological sense.

Driving is probably the most complex psychomotor task undertaken by ordinary individuals
on a routine basis. It is difficult to conceive, much less simulate, every situation that
confronts drivers. At best, tests for measuring drugs’ effects in driving simulators, over a
closed-course driving terrain or on real roads and in normal traffic, can measure only a few
aspects of total driving behavior. Nonetheless, it would seem that the closer they approach
reality, the better their likelihood of measuring the effects that cause crashes. This assertion
has never been proven but its general acceptance is evident from the gradual development of
more realistic tests, both for use in simulators and on the road.

Smiley et al (1981), conducted the first study of THC and alcohol effects in an interactive
driving simulator. That system responded to the operator's control inputs by modifying its
displayed visual imagery according to normal vehicle dynamics, though on a fixed base. The
simulated tasks contained in a 45-min. scenario included driving on straight and curved road
segments, following a vehicle and passing when gaps in the oncoming traffic permitted,
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changing the route in response to navigational information on signs and avoiding obstacles
that suddenly appear on the roadway. A visual choice reaction time was also superimposed
on driving. Three groups of marijuana users smoked cigarettes containing 0, 100 and
200 pg/kg THC on two occasions per dose, once with and once without alcohol. The
quantity of alcohol consumed varied between groups to reach blood concentrations of 0.00,
0.05 and 0.08 g/dl, respectively. To ensure high motivation, good driving was rewarded and
blatant errors, such as crashes, were penalized financially. The test began 15 min. after the
cessation of smoking. Both THC doses increased lateral position variability and the highest
dose increased speed variability during curve following. Both THC doses increased headway
variability, and the highest, lateral position variability during car following. Both caused the
subjects to ignore navigational information. The high dose caused the subjects to hit
roadway obstacles more often and to react more slowly in the subsidiary task than the
placebo. Yet both THC doses caused the subjects to drive in a more conservative manner.
They maintained a longer headway while car following, refused more opportunities to pass,
and when they did, began this maneuver at a greater distance from the approaching vehicle.
Alcohol's effects in this study were generally not significant. There were also no significant
interactions between the drugs' effects on any performance measure.

Stein ef al (1983) conducted two studies of alcohol and marijuana effects using a similar
driving simulator and test scenario, lasting 15 min. Both studies followed a 2 (alcohol) x 3
(THC) cross-over design. Alcohol placebo and alcohol sufficient for producing a BAC of
0.10 g/dl were given in both. The THC doses were 0 (placebo), 50 and 100 pg/kg in the first
and 0, 100 and 200 pg/kg in the second. As opposed to the lack of alcohol effects in the
earlier simulator study, these two showed alcohol's expected, significantly adverse effects on
practically every performance measure. Again in contrast to the earlier study, THC had
almost no significant effects. The rather benign exception was that the subjects drove at a
lower speed after the highest THC dose. The combination of drugs produced no consistent
signs of a pharmacodynamic interaction affecting performance. It did, however, produce a
marked rise in inter-subject performance variability, suggesting that some individuals might
have been severely affected. The combination with the highest THC dose also produced
significantly more “accidents” than alcohol did alone.

Four studies have followed the alternative approach of testing alcohol’s and THC’s effects
on vehicle handling performances during staged maneuvers on a terrain closed to normal
traffic (Casswell 1997; Attwood 1981; Smiley ef al, 1986; Peck ef al, 1986). Except for the
last, these studies seem of minor importance. The driving tests varied from one to the other
making their results difficult to compare. Casswell and Attwood treated small groups of
male volunteers, 13 and 8, respectively, in cross-over designs with higher doses of each drug
separately than when both were given in combination. THC doses were very low in all cases
(<90 pg/kg). Smiley et al administered more representative THC doses (100 and 200 pg/kg)

10
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alone and in combination with alcohol sufficient for achieving a BAC of 0.05 g/d], and also a
higher dose of alcohol alone (BAC=0.08 g/dl), but to separate groups of 9 men. So the
statistical power of their design was not greater than the others'. In any case the effects of
THC and alcohol alone, and in combination, were modest in every study and no sign of a
synergistic interaction was observed.

Peck et al's study was superior in most respects. It too followed a parallel group design with
21 male participants in each one. They were respectively treated with double placebo,
alcohol (BAC=0.08 g/dl) + marijuana placebo, alcohol placebo + THC 19 mg, and both
drugs combined. If these subjects could have consumed the entire THC dose, on the average
it would have been about 270 pg/kg. But considering the residual left after smoking, the
actual average dose was probably closer to 250 pg/kg. The subjects were tested in four
complete replications of test battery at 1-hr intervals beginning shortly after dosing. Ratings
of their proficiency were obtained from accompanying driving licensing examiners, from
observers stationed at points along the test route and from traffic police officers who
followed the subjects’ vehicle in a patrol car. A computerized system recorded the subjects’
control movements and the vehicle's speed and lateral position relative to course delineation.
A risk acceptance test was included for measuring the subjects' willingness and ability to
drive through gaps that were slightly wider or narrower than the vehicle. Other tests
involved stopping in response to signals, making a forced lane change and driving through a
chicane. Several hundred performance variables were recorded and tested preliminary for
selecting those that twice discriminated between treatment effects with a “significance” level
of at least p+0.25 in separate battery repetitions. Only 12 variables were found significant
according to this unusually liberal criterion. These were taken together into, first
discriminant analysis for testing the global significance of the drugs' effects, then a canonical
analysis for separately testing the main effects of each drug separately and of their
interaction. The global effect was significant in all trials. The separate effects of both drugs
were also significant but not their interactive effect, leading to the conclusion that the effects
were additive. Yet they were modest indeed. The only sign that these relatively high doses of
THC and alcohol impaired driving performance to a practically relevant degree came from
the reports of the following police officers. They said they would have stopped 60% of the
drivers treated with both drugs if they had observed them behaving the same way in real-life.
The corresponding judgments for groups treated with alcohol and THC alone were 50% and
32%, respectively. But the officers also said they would have stopped 15% of the placebo
subjects. Either all subjects were exceptionally poor drivers or the officers were unusually
critical. Perhaps they were so critical because they knew that the drivers under observation
were likely (75% chance) to have taken drugs.

11
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In short, previous driving simulator and closed-course studies have failed to confirm what
epidemiologists' data suggest, i.e., that alcohol and THC interact synergistically to produce
greater impairment than the sum of the changes that each drug produces separately. Yet
with the methodological shortcomings of particular studies and the general lack of test
realism afflicting all, it can not be said that their failure to measure a synergistic effect is
particularly convincing.

The present study represents another attempt to empirically determine the separate and
combined effects of THC and alcohol on driving. It differs from its predecessors by
employing standardized tests for objectively measuring the drugs' effects on driving
performance in the natural environment; i.e., on real roads in normal traffic. The same
approach has already been applied for assessing the separate effects of alcohol (Louwerens
et al, 1987) and THC (Robbe and O'Hanlon, 1993), as well as those of medicinal drugs in a
series of more than 50 studies (reviews: O'Hanlon 1984; O'Hanlon ef al, 1986, 1995:
O'Hanlon & Ramaekers 1995). It is hoped that the present study, and one more to follow,
will conclusively demonstrate whether the drugs' combined effects are additive or
synergistic, and how much in either case.

12
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2. METHODS

2.1 Subjects

Male and female volunteers were solicited by an advertisement in the newspaper of the
Maastricht University. It described the general nature of the study and provided a telephone
number to call for further information. Respondents were preliminarily screened to
determine if they fulfilled the inclusion criteria: current use of both alcohol and marijuana
with respective frequencies of once per week and once per month, but neither daily;
possession of a valid driving license; driving experience of at least 1000 km/yr (620 mi/yr)
over the previous three years; willingness to comply with certain restrictions of daily living
activity (below); and, willingness to provide written informed consent. Those who
apparently satisfied all criteria were sent Information for Volunteers, which completely
described the study and its requirements, as well as questionnaires regarding personal
medical history and experience with alcohol and drugs. Volunteers wishing to continue
resumed contact for arranging a medical screening interview. The latter comprised a review
of the completed questionnaires, a physical examination, a standard 12-lead ECG
examination and the submission of blood and urine samples for routine clinical laboratory
determinations. Fractions of the urine samples were retained and assayed qualitatively, on
site, for drugs of abuse - amphetamines (including MDMA, called “ecstasy”), barbiturates,
benzodiazepines, cannabinoids, cocaine and opioids. Urine from females was also assayed
for B-HCG to indicate pregnancy. Volunteers were excluded on the basis of results showing
any of the following: history or evidence of drug or alcohol abuse or dependency; history of
psychiatric or organic brain disorders; history or overt signs of serious cardiovascular,
respiratory, renal, hepatic, metabolic or neuromuscular disorders; necessity for the chronic
use of any systemic medication, except oral contraceptives; current use of any prescribed
psychoactive medication; the presence of any drug of abuse in urine, besides cannabinoids;
and for females, pregnancy or any reasonable possibility that pregnancy could occur during
participation in the study. One unusual exclusion criterion was added by local law
enforcement authorities as a condition for their approval of the study: volunteers having any
record of arrests for drug trafficking were to be excluded. For this purpose the Chief District
Attorney for the City of Maastricht reviewed a list of volunteers' names with their
knowledge and consent. The District Attorney neither retained nor copied the list and he
guaranteed no legal consequences for the individuals concerned. No volunteer was excluded
by this procedure but common knowledge that it would be applied might have dissuaded
some individuals from ever volunteering.

Eighteen subjects, 9 men and 9 women were selected. They ranged in age from 20 to 28
years (mean+SD, 22.7:2.1). All satisfied the inclusion criteria for driving experience with

13
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one exception; i.e., a woman had been licensed to drive for only 20 months before enrolling.
She was allowed to enter the study for achieving a better balance between genders. The
longest any subject had held a driving license before enrolling in the study was 9.5 yr. For
the group as a whole, mean+SD driving experience was 4.3+2.2 yr. The subjects declared
their alcohol drinking frequency was from 1 to 30 glasses of wine or beer per week
(14.2+8.8); and their marijuana smoking frequency from 1 to 12 times per month (2.3+2.3).
All said that they occasionally used both drugs in combination and admitted having driven at
least once under the influence of each one separately. However, only three admitted to
having driven under the combined influence of both. Subjects were paid NLG 650 (ca. US$S
335) upon completion of the study.

2.2 Legality and Ethics

The study's protocol was reviewed and approved in sequence by the District Attorney and
the standing Medical Ethics Committee of Maastricht University. Subjects were treated
according to the international convention governing drug studies with human volunteers;
i.e., the Declaration of Helsinki (1964), and its subsequent amendments.

2.3 Design, Doses and Administration

The study followed a balanced, 6-way (2x3 factorial) observer- and subject-blind, placebo
controlled, cross-over design. Treatment orders were randomly assigned from those residing
in three, 6x6, Williams Squares.

Subjects began treatments by drinking alcohol or alcohol placebo. They continued by
smoking marijuana placebo or marijuana delivering THC in doses of 100 or 200 pg/kg. All
six combinations of alcohol and THC were consumed by all subjects on separate occasions.
These treatments are respectively designated as shown in Table 2-1.

Table 2-1 Abbreviations of treatment conditions. :
Treatment condition 00 oT1, oT, AO AT, AT,

Alcohol placebo  placebo placebo alcohol alcohol alcohol
THC placebo 100 pe/kg 200 pg/kg  placebo 100 po/kg 200 pp/kg

Alcohol dosing was designed to achieve a peak BAC of 0.06-0.07 g/dl before smoking and
0.04-0.05 g/dl during the driving tests. To achieve this, subjects ate two sandwiches while
drinking the initial dose; i.e., 0.6 g/kg of “pure” (99.8%) ethanol mixed with orange juice to
a volume of 300 ml and flavored with Grand Marnier essence for masking purposes. This
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was accomplished within 30 min. Subjects' BACs were monitored at 10 min. intervals for
30-60 min. after the cessation of drinking using a Lion S-D4 Breath Alcohol Analyzer.
Those failing to achieve the expected peak BAC were given a booster dose of 0.05-0.2 g/kg
in the same proportion to the mixer, whereas the others were given the mixer alone. A
second booster dose was given midway through the driving tests in almost all cases for
sustaining the desired BAC. Flavored orange juice was given at the same times and in
approximately the same volumes in the placebo alcohol conditions. Smoking followed the
cessation of the first alcohol dose by 60 min. and continued for the following 10 min. The
cigarettes were prepared beforehand for each individual from stock provided by the US
National Institute on Drug Abuse. Originally, placebo cigarettes (i.e., containing marijuana
leaf from which THC had been removed by ethanol extraction) and those containing the
drug were all 85 mm in length and 25 mm in circumference, weighing about 800 mg.
Cigarettes with THC concentrations of 2.2% and 3.95% were respectively used for
providing 100 and 200 pg/kg doses. These were cut to provide lengths appropriate for the
subjects' weights. Placebo cigarettes were similarly shortened. All were humidified over a
saturated sodium chloride solution at 20°C for 24 hr before consumption. Subjects smoked
them as completely as possible through a plastic holder in their customary fashion.

2.4 Procedures

Two subjects were tested per day. They were transported by an investigator to and from the
sites for treatment and testing. After arriving at 19:00 h, subjects yielded breath and urine
samples for confirming their compliance with prohibitions against prior use of alcohol and
drugs (below). Drinking, followed by smoking, proceeded until 20:40 hr. Thereupon the pair
of subjects was taken to the origin of the driving tests. There were two tests (below) that
were performed twice per session, all during darkness and in actual traffic. Each member of
the pair of subjects began performing a different test. One departed from the origin 2 min.
before and the other 2 min. after 21:00 hr. Both proceeded with their initial test assignments
while driving over the same 40 km (24.8 mi) highway segment until arriving at the highway
exit that marked the terminal, where the first subject awaited the second. When that
occurred, their test assignments reversed. The first subject resumed driving at 21:30 h,
crossed and re-entered the highway traveling in the opposite direction than before while
performing the opposite test. The second did the same after a 4 min. delay. Both paused for
15 min. after returning to the origin. Their BACs were monitored and a booster alcohol dose
was given, if needed. Beginning around 22:15 h, the subjects drove through another circuit
while repeating the same series of tests as before. Subjects rated their levels of intoxication
at the beginning and end of the entire sequence, and the quality of their performance, at the
end of each driving segment. An instructor accompanying the subjects similarly rated their
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performance at these times. The same sub]ects always undertook the two driving tests in the
same order. , o

Successive test:sessions were ordinarily scheduled for particular subjects at weekly intervals.
They were forbidden to smoke marijuana .or hashish outside of the study, or to take any
other illicit drug, from 7 days before their first session until the conclusion of the last. They
were told that the detection of any drug in urine samples provided at the beginning of a
session would cause their immediate dismissal. They were similarly forbidden to drink
alcohol for 24 hr before sessions. They were instructed to retire for and arise from sleeping
at normal times-and to.avoid strenuous physical activities over the day before sessions.
Consumption of beverages containing caffeine and of solid food was prohibited for 2 hr
before session. And, smoking nicotine containing cigarettes was prohibited during the
sessions. Finally, the subjects were prohibited from participating in another biomedical
investigation, particularly if it involved drug taking; and, they were requ1red to report the use
of any systermc medication taken for personal reasons.

2 5 Dnvmg Tests and Ratmg Scales

General Dnvmg Procedures Subjects operated a spec1ally mstrumented Volvo 240 GL
station wagon accompanied by a licensed driving instructor having access to redundant
vehicular controls from his position-in the front passenger's seat. They were told that the
instructor's primary role was to ensure test safety but that they would be held responsible
under Dutch Law for any collisions that might occur. They were further told that they were
legally responsible not to undertake a test and to stop any in progress, if in doubt concerning
their ability to drive safely. They were advised that the instructor could require them to bring
the vehicle to.a halt on the road shoulder if in his opinion their performance was becoming
unsafe. No penalties or censure were attached to the subject's decision to avoid or stop
driving. Subjects were trained to perform both driving tests in one complete rehearsal of all
procedures they would- later: encounter after drug ‘treatments. Their performance during
training: :rides was evaluated by: the.instructor and judged normal in every case. Data
recorded during treatment sessions were edited and reduced by assistants using interactive
computer programs. These personnel were not informed of the nature of the treatments
given on particular occasions.

Road Tracking. The standardized version of this test (O'Hanlon 1984) involves driving
over a.100 km (62 mi) highway circuit-with a short interruption for reversing the direction of
travel at the mid-point. It normally lasts about one hour: The test was modified for the
purposes of the present study. It was given in two, 25 min. parts, separated by an interval of
45 min.iOtherwise the test followed the standard model. It was given over that segment of
the 4-lane, divided, highway (A2) running north/south between the cities of Maastricht and
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St. Joost. The subject entered the highway and accelerated to achieve a speed of 100 km/h
(62 mph) in the right (slower) traffic lane. His/her instructions were to maintain that speed
and a steady lateral position between the delineated lane boundaries over the entire segment.
The subject was only allowed to deviate from these instructions for overtaking a slower
‘vehicle traveling in the same traffic lane. Upon arrival at the end of the segment, the subject
drove -off the highway at the designated exit, parked the vehicle and awaited the next
scheduled activity. The vehicle contained systems for recording speed and lateral position.
The former originated from an electromagnetic sensor and pulse generator attached to the
drive wheels. Pulses were converted to an analog voltage, proportional to speed between 0
and 120 km/h. An electro-optical lateral position sensor was rack-mounted in protective
housing over the left rear corner of the vehicle. Its lens acquired an image of road surface
directly behind the vehicle, in effect focusing a 3-m band running at right angles to the
direction of travel on a linear array of 256 capacitor-coupled photodiodes. Luminance from
the left lane-line was normally the greatest falling upon the array, thus causing the most
rapid discharge of one particular diode-capacitor at any given moment. The position of that
diode was determined relative to a calibrated null-point by rapid (>100 Hz) electronic
scanning. The difference was used to generate an analog voltage proportional to the distance
the vehicle was to the right or left of lane-center. Full scale values were obtained when the
vehicle was +1.5 m from lane-center. Taking into account both the asymmetric location of
the sensor and the vehicle's width (1.6 m), maximum readings occurred when it was 0.38 m
onto the road shoulder or into the adjacent traffic lane. Analog signals were digitized by
Burr-Brown data acquisition cards using Labtech Notebook Software at a rate of 4 Hz.
These data were time-coded and filed on hard-disk in an on-board computer. Files were
copied on diskette and edited off-line to remove parts recorded during passing maneuvers
and when the lateral position signal was absent or distorted by noise. Data were preliminarily
analyzed by 5-km segments to yield mean and standard deviation values of both parameters;
and also, intervals when the vehicle was traveling outside of the assigned traffic lane. The
values finally recorded as tests scores over each segment were the following: mean speed
-and lateral position (MSP, MLP); the square roots of pooled speed and lateral position
'variances as estimates of each parameter's standard deviation (SDSP, SDLP); and, the
‘relative time out of lane (TOL). SDLP was the primary dependent variable. Normative data
provided by more than 600 healthy volunteers (<65 yr) who undertook the standard test
under placebo control conditions in the Institute's previous studies have shown that SDLP
follows a log-normal distribution with p+c of approximately 3.06+0.19 log. cm units. Thus,
about 99% of the distribution fell between 12.5 and 35.5 cm; i.e., the normal limits. SDLP
“scores from repeated measurements on the same subjects under control conditions are very
reliable; i.e., test-retest coefficients of correlation have typically varied between 0.7 and 0.9
for groups of 16-24 individuals (O'Hanlon et al, 1986, 1995). Moreover, SDLP was
sensitive to the effects of all sedating drugs so far studied; e.g., to alcohol in blood
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concentrations as low as 0.035 g/dl (Vuurman et a/, 1996) and to THC in doses at or above
100 pg/kg (Robbe & O'Hanlon, 1993).

Car Following. The second test was developed in a pilot study (Brookhuis ef al, 1987) and
has been repeatedly applied in progressively improving versions (Robbe & O'Hanlon, 1993;
Ramaekers ef al, 1994; Vuurman et al, 1996). It measures the driver's ability to perceive
changes in an immediately preceding vehicle's speed and react in a manner maintaining a
constant headway. The car following test was likewise :given in two parts lasting about
25 min. apiece and separated by an interval of 45 min. The test involves two vehicles
traveling in tandem, the first operated by an investigator and the second by the subject. They
entered the highway and accelerated together to achieve a constant speed of 100 km/h
(62 mph). The subject was instructed to drive 50 m (164 ft) behind the preceding vehicle.
The instructor defined this distance for the subject at the beginning of each part of the test
but did not correct his’/her headway again before coming to the end. Once the subject's
headway had stabilized, the investigator operating the preceding vehicle executed a series of
speed changes interpolated between 0.5-5.0 min. of constant driving. Speed changes in
alternating directions were controlled by computer manipulation of a conventional cruise-
control system. In each case the vehicle accelerated or decelerated in a constant manner
causing its speed to rise or fall by 15 km/h (9.3 mph) over 33 sec. The subject's task was to
follow this change as quickly and as accurately as possible by controlling his/her own
vehicle's speed using the accelerator pedal. Depending on the traffic, the number of
maneuvers during each repetition of the test varied between 4 and 10 in each direction (i.e.,
acceleration and deceleration), except in one case where only one maneuver was undertaken.
The preceding vehicle's speed was continuously measured and transmitted via telemetry to a
receiver on the following vehicle. A discrete signal to indicate the beginning of each
maneuver was inserted in that FM transmission. The transmission was demodulated and
digitally encoded at 4 Hz in a computer file along with the parallel record of the following
vehicle's speed. Headway was also measured directly by a ranging laser system (Sick DSE
2000) from a transmitter/receiver located in the center of the following vehicle's grill. This
system emitted 4.5 ms pulses at 40 Hz and registered their reflections from a solid 1.5 x 1.0
m screen mounted vertically on the back of the preceding vehicle. The phase angle between
each emission and reflection was measured and converted to an analog voltage, proportional
to distance. This signal was sampled, digitized and stored in the same manner as the others.
Distance recordings were occasionally incomplete owing to misalignment of the vehicles.
Missing data were estimated based on the observed differential vehicle speeds. Data were
analyzed off-line using an interactive computer program. The program identified the
initiation of each maneuver and when the preceding vehicle's speed began and ended its
linear change. Usually the following vehicle's speed rose or fell in parallel after the subject
recognized the change. In these cases, the program automatically recorded the driver's
reaction time (RT) when the speed of his/her vehicle had changed by 2 km/h in the correct
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direction. Sometimes however, the driver equivocated at the beginning of the maneuver
causing the vehicle's speed to vary erratically. In these cases, the analyst extrapolated
backward in time from where the subject's speed was clearly in linear ascent or decent to
2 knmvh higher or lower than the last reversal. The difference in time between that point and
the beginning of the preceding vehicles speed change was taken as the subject's RT. The
distance separating the vehicles at the moment of the preceding vehicle's speed began to
change was measured as the initial headway. Parameters measured during maneuvers were
mean, standard deviation, minimum and maximum headway (Hy, Hsp , Huw , Huax). RT
and Hgp are the most important variables, the former measuring the latency of the driver's
initial response and the latter, the precision of headway maintenance after that response. Hy
is normally measured for possible statistical adjustment of Hsp should Hy vary between
conditions in a given experiment. Hyax and Hym were measured for the first time in this
study for exploratory purposes.

Subjective Rating Scales. Subjects rated the degree to which they felt “under the influence”
of the given drug or combination on a continuous 100-mm scale. It ranged from “not at all”
to “the most I have ever experienced.” This rating was made just before driving and
immediately after its final conclusion. They also rated the quality of their immediately
preceding driving performance after each test segment on a scale from 1 to 10 in 0.25 unit
steps. Subjects were told to rate their performance in the manner traditionally used in the
Dutch school system. The score of 10 means “perfect.” Scores of 6 and above are “passing”
to “excellent.” And, scores below 6 are “failing” to progressively diminishing degrees. The
accompanying driving instructor independently rated the subjects’ performance at the same
times -on the same scale and in the same manner.

2.6 Statistical Analysis

SDLP, the primary dependent variable, was analyzed in sequential steps. The first was a
check for Period and 1"-Order Carryover effects using the SAS (6.09) General Linear
Model (GLM) procedure with Type I sums of squares. Then Multivariate Analysis of
Variance (MANOVA) was applied according to the SPSS/PC+ procedure for repeated
measures to test the main effects of Alcohol, THC, Repetitions and their interactions. Data
entering this analysis were weighted by orthogonal polynomial coefficients so that the linear
and quadratic components of the THC effect over doses, and the same in interaction with
alcohol, could be separately tested. Finally, univariate (i.e., ANOVA) mean-pair contrasts
between values recorded in the double-placebo condition and every other one were made
using pooled error variance and the Sequential Bonferroni p, adjustment for multiple
comparisons (Overall & Rhoades, 1985). MLP, MSP and SDSP were analyzed the same
way. TOL was analyzed the same way after log;o transformation to adjust for the expected
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skew in the raw data. All maneuvers performed by subjects in both repetitions of the Car
Following Test were analyzed to yield average values of RT, Hy and Hsp, by subject and
condition. Average values of Hyax were calculated for acceleration maneuvers, and of Hy,
for deceleration maneuvers. The same analyses were planned for these parameters but
circumstances forced their analysis by other means (below). Subjective parameters were
analyzed by MANOVA for the effects of Alcohol, THC, Repetitions and their interactions.
The between-groups factor of Rater was added to assess differences between subjects’ and
instructors' ratings of driving quality. -
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3. RESULTS

3.1 Adjustments for Missing Data .

Table 3-1 lists the tests which failed to yield useful data by condition, repetition within
condition and subject. Data were missing for four (1.85%).planned repetitions of the Road
Tracking Test and 25 (11.6%) of the Car Following Test. One of the former could not be
undertaken by a subject whose BAC exceeded the acceptable limit at the time. The other
failures to record data in the Road Tracking Test were attributable to operator error. These
missing data were replaced in the-planned analyses by scores recorded during the other
repetition of the test on the same nights.

Table 3-1 Road Tracking and Car Following tests which failed to yield useful data
by condition, repetition within condition and subject (for definition of treatment
conditions, see Table 2-1).

ROAD TRACKING CAR FOLLOWING
COND. REP. SUB. COND. REP. SUB.
oT; 1 02 00 1 16
AO 1 12 00 1&2 10
AT, 1 15 orT, 1 09
AT, 2 18 OoT; 1&2 11
oT, 1&2 18
AO 1 04
AO 1 13
AO 1 14
AO 1&2 02
AO 1&2 08
AT, 2 01
ATy 1 10
AT, 1 11
AT, 1&2 06
AT, 1 07
AT, 2 11
AT, 2 15
AT, 1&2 04

Nearly all failures to record data in the Car Following Test were caused by the subjects'
unwillingness or inability to consistently maintain a following distance within the range of
the sensor/transmitter system. Though partial data were obtained in some of these cases,
they were thought to be too meager for deriving reliable parameter averages. The same
procedure for replacing data could not be followed since seven subjects did not provide any
useful data in either test repetition after particular treatments. It was not possible to apply
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the planned analyses to car following data. Instead, these data were combined across both
test repetitions within each condition to yield average parameter values. They were analyzed
in repeated-measures, 2-tailed, t-tests for making separate comparisons between double
placebo and every drug condition. The Sequential Bonferroni procedure was again used for
adjusting the py, criteria for multiple comparisons within each set of five.

3.2 Blood Alcohol Concentration (BAC)

Subjects’ BACs generally peaked in the range of 0.04-0.09 g/dl (meanzSD,
0.067+0.015 g/dl) within 1 hour after drinking. Those whose peak BACs were below
0.06 g/dl were given the first booster dose just before marijuana smoking began at 20:30 hr.
Their BACs were again measured before beginning the driving tests at 21:00 hr. Descriptive
statistics are given in Table 3-2 for that and subsequent measurements which concluded
after driving at 23:15 hr.

Table 3-2 Mean:SD, and range, for BACs ( g/dl) measured in each THC condition at fixed
times before, during and after driving tests. Repetitions of the 25—-min. driving tests started at
21:00, 21:30, 22:15, and 22:30 hours.

TIME (hh:mm)
THC 21:00 21:30 22:00 22:45 23:15
(ug/kg)
0 .047+.007 .040£.005 .033+£.005  .038+.004 .034+.004
.034-.057 .030-.046 .024-.039 .032-.046 .026-.042
100 .048+.007 .044+£.005 .039+.006 .040+.005 .034+.004
.036-.064 .035-.053 .028-.051 .028-.045 .028-.042
200 .048+.009 .042+.008 .035+.008 - .038+.004 .033+.003

.037-.070 .029-.064 .020-.056 - .029-.048 .026-.038

Subjects began driving in every THC condition with mean BACs close to the legal limit of
0.05 g/dl. Mean BAC declined to about 0.035 g/dl over the course of the next hour. The
second booster doses were then administered to subjects with BACs below 0.05 g/dl, which
arrested but generally did not reverse the decline. They achieved a mean BAC of about
0.04 g/d1 30 min. later and finished driving with about 0.035 g/dl. Thus, most of the subjects
performed the tests while their BACs fluctuated around 0.04 g/dl in a generally declining
trend from about 0.05 to 0.035 g/dl.
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3.3 Road Tracking

Standard deviation of lateral position (SDLP) was the study's primary outcome variable.
Preliminary analyses of the SDLP data using the SAS General Linear Models Procedure
revealed no significant Period or Carryover effects (Fs7s=1.58 & 1.09, respectively), thereby
allowing the main analysis to proceed as planned. The results are summarized in Table 3-3.
Mean+SE SDLP values recorded in both repetitions within every treatment condition are
shown in Figure 3-1.

Table 3-3 Summary of MANOVA/ANOVA and Mean Pair Comparisons for SDLP
(for definition of treatment conditions, see Table 2-1).

MANOVA/ANOVA
EFFECT F df P
Alcohol (A) 58.69 1,17 .000
THC: overall 15.48 2,16 .000

- Linear over doses 3241 1,17 .000

- Quadratic over doses 0.96 1,17 ns
Repetitions (R) 10.49 1,17 .005
AXTHC: overall 1.59 2,16 ns

- Linear over doses 2.68 1,17 ns

- Quadratic over doses 0.87 1,17 ns
RxTHC: overall 0.04 2,16 ns

- Linear over doses 0.09 1,17 ns

- Quadratic over doses 0.30 1,17 ns
AxR 0.03 1,17 ns
AXRXTHC; overall 1.06 2,16 ns

- Linear over doses 1.06 1,17 ns

- Quadratic over doses 1.30 1,17 ns
PAIR COMPARISONS (df=1,85)

F p Pa

OT, vs. 00 7.91 .006 025
0T;vs. 00 13.46 .000 0167
AO vs. 00 5.19 .025 .05
AT, vs. 00 30.21 .000 0125
AT, vs. 00 76.28 .000 .01

Subjects drove with the lowest mean SDLP after double placebo (i.e., in O0). The overall
effects of both Alcohol and THC were highly significant as was the linear increase in SDLP
over THC doses. Every drug treatment significantly elevated SDLP, relative to double
placebo, in separate mean-pair comparisons. The main effect of Repetitions was also
significant: subjects generally drove with higher SDLPs in the second test repetition than the
first. However, the interactive effects of Alcohol, THC and Repetition were uniformly not
significant.
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’

Subjects generally drove with SDLPs below the established normal upper limit of 35.5 cm.
Two subjects (#11 and #17) exceeded the limit in both AT, and AT,. The first subject drove
with SDLPs of 40.3 and 40.4 cm and the second: subject with 37.3-and 43.3 cm in these
conditions; i.e., in all cases well beyond the 99™ percentile driver in the normal population.
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Figure 3-1' Mean (+SE) Standard Deviation of Lateral Position (SDLP, ¢cm) in first and
~ second repetitions of the Road Tracking Test in every condition (for definition of treatment -
- conditions, see Table 2-1). o

Time out of lane (TOL) was a secondary but important measure of the subjects' road
tracking performance. TOL is a natural nonlinear correlate of SDLP. The former is known
to be less sensitive to small drug effects but its rise with large ones has more obvious
practical implications. Results of the analysis of log,o TOL are summarized in Table 3-4.
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Table 3-4 Summary of MANOVA/ANOVA and Mean-Pair Comparisons for logio
TOL (for definition of treatment conditions, see Table 2-1). . -

MANOVA/ANOVA .
EFFECT , F df P
Alcohol (A) _ 17.08 1,17 .001
THC: overall ' - 4.67 2,16 025

~ Linear over doses 9.40 1,17 .007

~ Quadratic over doses 0.39 1,17 ns
Repetitions (R) 3.40 1,17 ns
AxTHC: overall 1.23 2,16 ns

~ Linear over doses 1.89 1,17 ns

~ Quadratic over doses 0.21 1,17 ns
RxTHC: overall 0.14 2,16 ns

~ Linear over doses 0.00 1,17 ns

- Quadratic over doses 0.21 1,17 ns
AxR 0.35 1,17 ns
AXRXTHC; overall 0.35 2,16 ns

- Linear over doses 0.05 1,17 ns

- Quadratic over doses - 0.56 1,17 ns
PATR COMPARISONS (df=1,85)

— ¥ p Pa

OT, vs. 00 4 o 0.06 ns : .05
OT; vs. 00 - " 320 . ns .0167
AO vs. 00 , . 0.71 ns .025
AT, vs. 00 . ' 6.70 : 011 0125

AT, vs. 00 ‘ 1935 .~ .000 .01

Geometric mean+SE TOL is shown in Figure 3-2 for every condition and repetition within
conditions. Geometric values, or the antilogs of mean+SE logj, TOL, are shown in the
figure since these better represent central tendencies when the raw data are positively
skewed; and, they reflect the mean differences that were actually tested for significance.
Most subjects (i.e., 11) occasionally allowed the vehicle's lateral motion to exceed lane
boundaries while driving after placebo but the mean percentage of data recorded during
these excursions was very low (i.e., 0.26%). The overall effects of Alcohol and THC,
though not Repetitions, were significant. Mean-pair comparisons showed that the significant
main effects were mainly attributable to the drug combinations. Whereas neither alcohol
alone nor THC 100 pg/kg alone had appreciable effects, and THC 200 ug/kg alone had an
effect that only approached significance (P=0.077), the two combinations very significantly
elevated TOL. Alcohol plus THC 100 pg/kg caused mean TOL to rise above 0.6%, and
alcohol plus THC 200 pg/kg, to about 1.1%. Nevertheless, the interactive effect of alcohol
and THC was not significant.
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Figure 3-2 Geometric mean (“SE) of Time out of Lane (TOL, %) in first and second
repetitions of the Road Tracking Test in every condition (for definition of treatment
conditions, see Table 2-1).

Standard deviation of speed (SDSP) was not significantly affected by any factor. Mean
lateral position (MLP) and mean speed (MSP), control variables for ascertaining whether
subjects followed their instructions, were similarly unaffected by treatments. Both showed
slight effects of Repetitions: on the average, MLP shifted from 8.23 to 10.03 cm to the right
of mid-line (F);7=5.25; P=0.035) and MSP rose from 97.4 to 97.7 km/h (F,17=3.84,
P=0.067). More importantly for control purposes, all individuals drove with MLPs between
30 cm left, and 41 cm right of mid-line and with MSPs between 91.2 and 101.8 km/hr. It
seems they generally attempted to drive with a steady lateral position near the center of the
traffic lane and a constant speed of 100 km/h (62 mph).
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3.4 Car Following

Table 3-5 summarizes the results of t-tests comparing the effects of placebo and every drug
treatment on car following parameters averaged separately over acceleration and
deceleration maneuvers. No treatment significantly affected any parameter during
acceleration maneuvers. Likewise, treatments failed to affect mean headway (Hu) during
deceleration maneuvers. Mean values of Hy varied irregularly between conditions from
41.9m in OT, to 442 m in OO. The lack of any treatment effect on this parameter is
important. If drugs caused the subjects to maintain longer average headways, it would be
difficult to interpret differences between their effects and placebo's on the other parameters
measured in the test. And as indicated in the table, those differences were abundant during
deceleration maneuvers.

Table 3—5 Summary of t-test comparisons of drug and placebo effects on average RT, Hsp and Hyax/Hyay
during acceleration and deceleration maneuvers, separately. Values in the table are mean differences, t and
p. Asterisks indicate significant p—values according to adjusted p, criteria (for definition of treatment
conditions, see Table 2-1).

ACCELERATION

RT (sec) Hgsp (m) Hwax (m)
Comparison df Mp t p Mp t p Mp t p
OT, vs. 00 16 0.17 0.36 ns 1.70 2.36 .032 -0.09 0.04 ns
OT; vs. 00 14 0.47 0.82 ns 1.65 1.79 ns 1.27 0.38 ns
AO vs. 00 14 0.60 1.08 ns -0.12 0.15 ns -3.68 1.31 ns
AT, vs. 00 15 0.16 0.29 ns 1.01 1.19 ns -0.43 0.16 ns
AT; vs. 00 15 08 206 ns 179 203 ns 098 028 ns
DECELERATION

RT (sec) Hsp (m) Hupax (m)
Comparison df Mjp t p Mp t p Mp t p
OT, vs. 00 16 0.92 1.75 ns 1.25 2.85 012%* -489 4.14 .001*
OT; vs. 00 14 1.29 1.95 ns 1.96 3.76 .002% -281 171  ns
AO vs. 00 14 0.51 1.07 ns 0.89 231 .036* -4.07 291 .011*
AT, vs. 00 15 1.15 1.88 ns 1.86 2.51 .025* -4.17 3.21 .006*
AT, vs. 00 15 1.57 3.02 .009* 217 3.97 .001* -341 3.07 .008*

Figure 3-3 shows mean+SE for RT, Hsp and Huv in every condition. Mean RT rose from
the placebo level after every drug treatment. The mean difference for AT, was significant,
and for OT; , OT; and AT, , nearly so (P<0.10). All of the mean differences in Hsp were
significant after p, adjustment for multiple comparisons. So were differences in Huiv, €xcept
that between OO and OT,. Thus, in one, two or all three respects, every drug treatment
impaired car following performance relative to placebo.
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Figure'3-3 Mean (:SE) Reaction Time (RT, sec), Standard Deviation of Headway (Hsp, m),
and Minimum Headway (Hyqv, m) during deceleration maneuvers in the Car Following Test in

every condition (for definition of treatment conditions, see Table 2-1).
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3.5 Intoxication Ratings

Subjects began the various conditions making estimates of their degrees of intoxication that
were reasonable considering the treatments given beforehand. Some at the beginning of the
double placebo condition thought they felt something and reported low levels of intoxication
(mean+SD, 7.67+2.37%). However, nearly all reported stronger feelings after alcohol and
both THC doses, given alone; i.e., 44.56:5.48, 29.11+4.20 and 36.50+7.10%, respectively.
Combinations of alcohol with low and high THC doses produced still higher intoxication
ratings; i.e., 52.89+4.66 and 62.87:4.90%, respectively. No subject felt normal after alcohol
alone or either combination of Alcohol and THC. Both of the latter produced extreme
ratings above 90%. In all conditions, mean intoxication ratings at the conclusion of testing
were at levels about half of where they began. As might be expected, both the overall effects
of alcohol and THC were highly significant (Fy 17 & 2,16=76.04, 19.76; P<0.001). The linear
THC dose effect was also significant (Fy,17=41,97; P<0.001). There was a significant Alcohol
x THC interaction (F,,6=10.07; P<0.001). However, this finding is mitigated by the failure
to find a significant linear component of that interaction (Fy,17=0.78). Instead, the quadratic
component was significant (F,,;7=11.52; P<0.003). One can not interpret this interaction as
showing that the rise in feelings of intoxication was steeper over THC doses given with
alcohol. Rather it reflected the fact that the rise was precipitous from OO to OT; and OT;
but more gradual from AO to AT, and AT,.

3.6 Driving Quality Ratings

Subjects rated their driving quality at the end of every test repetition. Instructors rated the
subjects' performance in parallel. A summary of results from analyses comparing the
subjects' and instructors' ratings over treatment conditions and repetitions of tests within
conditions is given in Table 3-6. Mean+SE ratings by both are shown in Figure 3-4. Also
given are the frequencies of scores indicating that the subjects' driving quality was
unacceptable; i.e., that in their own or the instructor's opinion, they had “failed” the test.

Instructors rated the subjects' performance as significantly worse than the subjects did
themselves. The mean differences were not large in magnitude and otherwise the two sets of
ratings were quite similar. Ratings of the subjects' performance in the Road Tracking Test
clearly reflected the separate effects of alcohol and THC; and, THC’s linear dose effect.
Somewhat surprisingly, those ratings did not show a separate significant effect of alcohol in
the Car Following Test. THC's effects and its increase with dosage were, however, also
apparent in this context. Both subjects and instructors rated the subjects’ performance as
generally worse in the first repetmons of both tests. The ratmgs showed a significant. Alcohol

‘ b
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by THC interaction. But as with the interaction involving the intoxication ratings (above),
the quadratic but not the linear component was significant. Thus the interaction for driving
quality ratings must be interpreted in the same manner.

Table 3-6 Summary of MANOVA/ANOVA for Subjects and Instructor Ratings of Driving
Quality in Road Tracking and Car Following Tests.

EFFECT ROAD TRACKING CAR FOLLOWING
df F p F p

Rater (P) 1,17 16.95 .001 7.26 .015
Alcohol (A) 1,17 4.67 045 1.23 ns
THC: overall 2,16 13.62 .000 - 7.61 .005
Linear over doses 1,17 24.79 .000 16.16 .001
Quadratic over doses 1,17 0.48 ns 0.05 ns
Repetitions 1,17 2341 .000 14.47 .001
PxA 1,17 1.00 ns 0.05 ns

P x THC: overall 2,16 0.17 ns 0.89 ns
Linear over doses 1,17 0.27 ns - 0.81 ns
Quadratic over doses 1,17 0.06 ns 1.41 ns
PXR 1,17 3.17 ns . 1.43 ns
A X THC: overall 2,16 7.90 .004 5.04 .020
Linear over doses 1,17 0.06 ns 1.21 ns
Quadratic over doses 1,17 13.39 .002 10.54 .005
AxR 1,17 0.05 ns 0.17 ns
THC X R: overall 2,16 1.58 ns 0.00 ns
Linear over doses 1,17 0.04 ns 0.01 ns
Quadratic over doses 1,17 3.31 ns 0.00 ns

[2nd-order interactions and higher are omitted. None was s:gmﬁcant]

“Failures” occurred more frequently in the instructors' ratings than the subjects'; and, with
about equal frequencies in both driving tests. According to the instructors, about half of the
subjects' driving was so poor that they failed in AT; and about one-third in AT,. The failure
rate was lower and about the same in OT; and OT,;.
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Figure 3—4 Mean (+SE) ratings of driving performance in the Road Tracking (top) and Car
Following Test (bottom), in each treatment condition, as scored by the driving instructors (A)
and the subjects (V). Also shown are the frequencies of subjects failing the particular test-
repetition according to themselves (S) and the instructors (I) (for definition of treatment
conditions, see Table 2—1).
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3.7 Instructor's Comments

Table 3-7 summarizes the instructor's written comments concerning particularly unusual or
extreme aspects of the subjects' driving behavior in the various treatment conditions. Only
one (#11) drew any comment in the double placebo condition. At the other extreme, 10
subjects drew comments after being treated with the combination of alcohol and THC
200 pg/kg. Only three, all females (#10, #13, #16), failed to elicit any comment.

Table 3-7 Summary of Instructor's Comments concerning unusually deviant driving behavior by subjects
within conditions. Males identified as subjects 01-09, females, as 10-18 (for definition of treatment
conditions, see Table 2-1).

CONDITIONS
COMMENTS 00 0T, OoT, AO AT, AT,
Very drowsy & inattentive 11 11,14 5711 1 11,17 1,3,11
Drifting & weaving 11 11 7,11 3,4 11, 15 3,511, 14, 17
Swerving & overcorrecting 5,15 1, 11, 14, 17
Speed too fast 11 17
Speed too slow ‘ 18
Speed too variable 11 11, 17 17
Car following: too close 11, 15 11,15,17,18 8,11,12
Car following: too far 3 2 9,11,17,18 8, 14
Reckless 17
Memory loss 11 4,6, 14
Attempted dangerous passing 11 14 11 11
# events 2 8 8 4 18 24
# subjects 1 4 5 4 5 10

The data presented in the table are self explanatory, except those in the last three categories.
One subject's (#17) behavior was described as reckless in AT, because she drove at speeds
well above 100 km/h (62 mph) while weaving, swerving and abruptly overcorrecting. When
repeatedly cautioned by the instructor to maintain the designated speed, she immediately did
so but shortly resumed driving as before. Four subjects apparently experienced bizarre
memory disturbances, one (#11) in AT, and the others (#04, #06, #14) in AT,. Subject
#11’s disturbance occurred in the Road Tracking Test. She began driving after the departure
of the other subject who was performing the Car Following Test. She eventually overtook
and proceeded to pass that subject’s vehicle on the left, but failed to recognize it or the
leading vehicle under an investigator's control. She completed the maneuver by returning to
the right traffic lane between the vehicles engaged in this test. She was visibly surprised
when the instructor drew the error to her attention. Subjects' #04 and #06 memory lapses
were similar: midway through the Car Following Test, both forgot the procedure and
attempted to pass the leading vehicle. Another (#14) correctly followed the procedure
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during the same test but upon its conclusion, failed to leave the highway with the leading
vehicle at the designated exit. She apparently would have continued to drive on the highway
beyond that point if not corrected by the instructor. Finally, subject #11 in OT;, AT, and
AT,, and subject #14 in OT,, had to be prevented from beginning a passing maneuver while
their vehicle was in the process of being overtaken by other traffic. It seemed to the
instructor that the subjects failed to inspect the rear-view mirrors before initiating these
maneuvers.
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4. DISCUSSION

Four studies preceded the present one in this series (Robbe & O'Hanlon, 1993). The first and
third are relevant to this discussion. The former involved 23 experienced THC users who
were allowed to continuously smoke marijuana cigarettes (THC, 2.57%) in a clinical
environment until arriving at their desired “high.” The preferred mean dose was close to
300 pug/kg. A different group of 15 similarly experienced users completed the third study.
On separate occasions, they smoked marijuana-placebo and marijuana delivering THC 100,
200 and 300 pg/kg. The drug's effects on driving were assessed 55-170 min. post-dosing in
essentially the same manner as during the present study. No dose significantly affected this
group's car following performance but all elevated SDLP in the Road Tracking Test.
Relative to the placebo level, mean SDLP rose by 1.1, 1.8 and 2.9 c¢m in rough proportion to
the THC dose. Though all significant, these changes were very modest in comparison to
those produced by alcohol and a number of medicinal drugs in previous investigations.
Alcohol was used as the agent for calibrating the standard test (Louwerens et al, 1987).
Social drinkers performed it on five separate occasions while their BACs were controlled in
equal steps between 0.00 and 0.15 g/dl. The drinkers' mean SDLP rose exponentially with
BAC (R=0.99) and an empirical equation was derived for describing the relationship. The
equation has been subsequently used for describing drugs' effects on SDLP in terms of
respective BAC equivalencies. When we applied it for describing THC's effects in the earlier
study, the maximum mean change after 300 pg/kg was found to be the equivalent of
BAC=0.08 g/dl. THC's effects were also far less than those of some commonly used
medicinal drugs. For example, after a week of receiving diazepam 5 mg (Valium®), thrice
daily, and lorazepam 2 mg (Ativan®), twice daily, different groups of clinically anxious
patients drove with mean SDLPs that were respectively 7 and 10 cm higher than baseline
(Van Laar ef al, 1992, O'Hanlon ef al, 1995). Thus, we concluded that THC taken alone in
doses preferred by its users does not seriously affect driving performance.

We originally intended to administer the same THC doses, alone and in combination with
alcohol, in the present study. However, the results of a pilot study deterred us from using the
300 pg/kg dose. In combination with the specified alcohol dose, it rendered some subjects
incapable of standing much less driving. We therefore proceeded to administer only the two
lower doses, believing that these would be sufficient for determining the nature of THC's
interaction with alcohol.

Subjects who participated in this study differed in- several important respects from the
predecessors. They were younger than the groups who defined the preferred dose and
completed the earlier driving study (22.7 years in the present versus 25.7 and 26.8 in the
previous studies); they had fewer years of driving experience (4.3 years versus 6.7 and 5.9
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years); and, most importantly, their marijuana smoking frequency was less than half of either
preceding group's (2.3 versus 5.8 and 5.4 times per month). These differences should be
borne in mind while comparing the studies' results. One may reasonably assume that the
older, more frequent THC users had driven more often under the drug's influence, and there
is little doubt that the frequent use of any impairing drug fosters “behavioral tolerance” or
state-related and task-specific learning to compensate for its influence on performance
(review: Young and Goudie, 1994). Behavioral tolerance is unlike pharmacological
tolerance that either lowers a drug's circulating concentration or diminishes its activity at
receptor sites when taken continually in the same doses over days or weeks. Rather,
behavioral tolerance develops as the user practices the task while intoxicated on occasions
that can be widely separated in time. Given the present group's youth, limited driving
experience and low rate of THC use, it seems unlikely that many could have developed the
behavioral tolerance of the predecessors. Which group is more representative of THC users
in general is an open question. Probably neither is truly representative, both were drawn
from different bands in a very broad spectrum. If there is any distinction to be made, it is that
the present group comprised a sample of relatively inexperienced THC users who might be
especially vulnerable to the drug's impairing effects on driving.

These subjects' performance in the Road Tracking Test clearly showed the adverse effects of
alcohol and THC. Alcohol alone caused mean SDLP to rise by 2.2 cm over the placebo
level. That change was almost exactly as predicted from Louwerens ef al's equation for
drivers operating with BAC=0.05 g/dl. Thus the present group demonstrated their normal
sensitivity to this impairing effect of alcohol on driving. Separate doses of 100 and
200 pg/kg caused mean SDLP to rise by 2.7 and 3.5 cm, respectively. These changes were
well above those shown after the same doses by the earlier group. Yet despite the absolute
differences, the increments in both groups' mean SDLPs as their doses increased from 100 to
200 pg/kg were practically the same; i.e.,, 0.8 and 0.7 cm, respectively. This suggests that
while the minimum dose for affecting the present group's driving performance was lower,
their dose-response was almost identical to the previous group's whose greater resistance to
THC's effect on driving performance could be the consequence of behavioral or
pharmacological tolerance, or both.

The effects of combined alcohol and THC on the present subjects’ road tracking
performance were severe. Alcohol plus THC 100 and 200 pg/kg respectively elevated mean
SDLP by 5.3 and 8.5 cm. The former change was comparable to that predicted from
Louwerens et al's equation for driving with BAC=0.09 g/dl. The latter change was
equivalent to driving with BAC=0.14 g/dl. It has only been exceeded in all studies employing
the standard test by that occurring after lorazepam 2 mg (see above). Judging from SDLP,
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the subjects' performance deteriorated more after both combinations than it would have if
they simply had driven after consuming enough alcohol to become legally intoxicated.

The subjects' progressive loss of control over the vehicle's lateral position as the drugs'
effects went from bad to worse first led to rising SDLP, and later, TOL. The relationship
between mean SDLP and TOL across both test repetitions in every condition is shown in
Figure 4-1. The function describing that relationship was derived from least-squares
regression analysis following an exponential model: TOL=0.00359¢"'%*'6PLP) The model
was selected on the basis of a mathematical argument by Allen and O'Hanlon (1979). Those
authors showed that TOL must necessarily increase as an exponential function of SDLP so
long as drivers generally operate with a Gaussian distribution of lateral position around a
stable mean. In any case, the empirical equation adequately describes the data (R?=0.89). It
implies that the subjects’ SDLPs could not have risen much further without a totally
unacceptable increase in TOL. As it was, while mean SDLP increased from the lowest to the
highest values in this study by 43%, mean TOL rose by 474%.

14+

20 22 24 26 28 30 32 34
SDLP (cm)

Figure 4—-1 Geometric mean TOL as a function of mean SDLP across conditions: OO ( ),
OT, (0), OT; (A), AO (W), AT, (@), AT, (A). (For definition of treatment conditions, see
Table 2-1.)
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The exponential rise in TOL from conditions where alcohol and THC were separately
administered to those where they were given in combination suggests a synergistic
interaction. However, the statistical test failed to show a significant interaction between
alcohol and THC effects on TOL. But TOL was little affected by any treatment other than
the combinations. By taking the data from all conditions together into a single analysis, 2/3
of them mainly contributed error variance. Regardless of the additivity or multiplicity of the
drugs' effects, there can be no doubt that their combination is potentially very dangerous for
driving. Neither drug's doses in this study were particularly high and one may reasonably
suppose that drivers in the real world occasionally operate after consuming more of one or
both in combination. If they do, our results suggest that their increasingly large and frequent
excursions from the relative safety of a traffic lane would occupy a considerably greater
percentage of the distance traveled. This alone would increase the driver's risk of losing
control as the vehicle leaves the paved surface of the road, of striking a fixed object at
roadside or of swerving into the path of an approaching or overtaking vehicle. The risks of
all types of collisions could rise in parallel if, as is thought, the loss of lateral position control
is but one sign of general driving impairment.

An indication that the drugs' adverse influence on driving performance was pervasive came
from the Car Following Test. Despite missing data which necessitated an unparsimonious
and relatively weak analysis, its results supported those from the other driving test. Changes
in mean RT and Hgp roughly paralleled those in mean SDLP. Performance after placebo was
always the best, and after the combination of alcohol and THC 200 pg/kg, always the worst.
THC dose effects, with and without alcohol were apparent for all performance measures.
Mean RT did not differ significantly after drug and placebo treatments, except in the worst
case. Yet those differences were large in practical terms. The difference due to the combined
effect of alcohol and THC 200 pg/kg was 1.6 sec. Since the average speed in that condition
was about 97 km/h (59 mph), this delay meant that the vehicle traveled, on the average, an
additional 42 m (139 ft) beyond the point where the subjects began to decelerate after
placebo treatment. Even the lowest THC dose, by itself, retarded the subjects' mean RT by
0.9 sec. In that case, they “only” drove an additional 24 m (78 ft) before beginning to
decelerate. It does not take much effort to imagine how response delays between 0.9 and
1.6 sec could affect safety in real car following.

The drugs' effect on mean Hgp was clearer: that parameter was significantly affected by
every drug treatment. The changes in mean Hgp reveal another adverse drug effect on
driving; i.e., diminished ability to perceive changes in the relative velocities of other vehicles
and/or diminished ability to adjust one's own vehicle's speed accordingly. They also indicate
a subtle hazard the drug user might pose for other drivers operating in traffic platoons
during high speed travel on highways. The changes from OO to AT; in this study were
about 2-m during both acceleration and deceleration maneuvers. Assuming a Gaussian
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distribution of headway variance, this means that the subjects' total range of to and fro
oscillation increased by about 12 m (i.e., 6 x AHsp) or 39 ft under the combined influence of
alcohol and THC 200 pg/kg. In real life, that abnormal headway variability would be
transmitted to and amplified by every driver/vehicle in retrograde succession (i.e., the
“accordion effect”). Unless succeeding drivers compensated by opening the gaps between
vehicles, one in the series would find it impossible to react quickly enough to avoid a
collision.

Despite the observed impairments, the subjects seemed well aware of their impairment in
both tests. Their self-ratings of driving quality varied over conditions in general agreement
with the objective measurements. The instructors rated their driving quality as even lower
but the differences in these assessments were not large. Some subjects, particularly after
THC 200 pg/kg alone or in combination with alcohol, indicated that they had failed the
tests. Why they continued to drive in these conditions is a good question. They probably
would not have proceeded, nor undertaken the tests in the first place, were it not for their
reliance on the instructors to prevent untoward consequences. Though reliance on the
instructor was definitely not encouraged, it may be an inevitable artifact of this experimental
approach. A further indication that participation in an experiment encouraged the subjects to
drive when they ordinarily would not may be taken from their previous histories. Whereas all
subjects admitted previously driving under the influence of THC, only three men said they
had done so after using alcohol and THC in combination.

Finally, something should be mentioned about the observers' comments. Though
unsystematic and probably biased by general knowledge of the subjects' treatments, these
supported the objective results and also revealed some idiosyncratic reactions that would
have otherwise gone undetected. In general, the subjects remained responsive to the
instructors' occasional corrections. Only one woman drove in a manner they considered
“reckless”, and even she followed their instructions, if only briefly. Poor attention to the
driving task and deficient control over the vehicle's speed and lateral position were the most
frequently observed signs of the subjects' impairment. Memory disturbances afflicting four
subjects after combined drug treatments were the most dramatic. They suddenly failed to
recall what should have been very familiar test procedures. Many drugs, such as alcohol and
the benzodiazepines, interfere with the acquisition and/or later recall of information while the
drug is active in the brain. None of them is known to consistently prevent the recall of well
practiced procedures. That THC occasionally did so in this, our earlier studies, and one
other study (Yesavage, 1985), suggests that the drug may possess unique amnestic
properties. The phenomenon is worthy of further investigation.
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5. CONCLUSIONS

5.1 General Conclusions

In a previous series of studies on the effects of THC alone we concluded that THC given in
doses up to 300 ug/kg has “slight” effects on driving performance (Robbe & O’Hanlon,
1993). The results of the present study now compel us to revise that conclusion. The present
subjects' performance was more affected than their predecessors’. The present subjects
showed impaired car following performance after THC 100 pg/kg whereas the previous
ones were not impaired by doses up to 300 pg/kg. In the present study, road tracking
performance after 200 pg/kg was worse than the performance after 300 pg/kg in the
previous study. We believe that these differences are attributable to the groups' respective
experience with THC smoking and to driving under the influence of THC. The present
group was less experienced and probably had not developed the same degree of behavioral
tolerance as their predecessors. Yet all of the individuals in both groups admitted to having
occasionally driven under the influence of THC before entering the studies. Thus, the new
data seem no less representative of how drivers normally operate under the influence of
THC. The addition of these data to those previously collected merely broadens the range of
reactions that might be expected to occur in real life. That range has not been shown to
extend into the area that can rightfully be regarded as dangerous or an obviously
unacceptable threat to public safety. Alcohol present in blood concentrations around the
legal limit (0.10 g/dl) in most American States is more impairing than anything subjects have
shown after THC alone in our studies. As mentioned, medicinal drugs have had worse
effects on psychiatric patients' driving performance in other studies employing the same test
procedures. If not blatantly dangerous, however, the effects of THC alone in this study were
certainly more than slight. They were of sufficient magnitude to warrant concern. Drivers
suffering the same degrees of impairment as the present subjects did after THC alone would
be less than normally able to avoid collisions if confronted with the sudden need for evasive
action. They would probably also be more likely to fall asleep during prolonged vehicle
operation. In short, while the effects of THC alone in doses up to 200 pg/kg might be
categorized as “moderate” in the tests, they could easily become “severe” under exceptional
circumstances.

The subjects' reactions to combined use of alcohol and THC are another matter. Drivers
suffering the same degrees of impairment as the present subjects did after THC and alcohol,
combined, would be exceedingly dangerous. Their impairment would be a serious threat to
their own safety, and perhaps to the general driving public as well. The simultaneous
consumption of low to moderate doses of alcohol and THC, rendered the present subjects
incapable of safe driving for several hours thereafter. That they were able to safely
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demonstrate their impairment was, on occasion, only possible because of the instructor's
intervention. Had these individuals attempted to drive alone in that condition, it is quite
possible that one or more would have caused a collision.

5.2 Specific Conclusions

THC alone in 100-200 pug/kg doses impairs fundamental road tracking ability with the
degree of impairment increasing as a function of the dose.

The impairment from THC alone does not diminish and may even increase for up to 2%
hours after marijuana smoking, regardless of the THC dose.

THC in 100-200 pg/kg doses, in combination with alcohol sufficient for producing
BAC=~0.04 g/dl, severely impairs road tracking ability with the degree of impairment
again increasing with the THC dose.

THC and alcohol effects on road tracking ability appear to be additive in a
pharmacological sense, but the risk of driving off the road increases exponentially with
the combined drug effect.

THC alone in 100-200 pg/kg doses can impair the ability to maintain a constant headway
while attempting to match velocity with a preceding vehicle.

THC 200 pg/kg in combination with alcohol seriously retards reaction time to the
deceleration of a preceding vehicle.

The effects of THC and alcohol on headway maintenance and reaction time also appear
to be additive but the sum in both cases can be large and potentially dangerous.
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